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The mineral tetrahedrite Cui2Sb4Si3 exhibits a first-order metal-insulator transition (MIT) at Tmi = 
85 K and ambient pressure. We measured the 63 Cu-NMR at ambient pressure and the resistivity and 
magnetic susceptibility at high pressures. 63 Cu-NMR results indicate a nonmagnetic insulating ground 
state in this compound. The MIT is monotonically suppressed by pressure and disappears at ~ 1.0 GPa. 
Two other anomalies are observed in the resistivity measurements, and the pressure - temperature phase 
diagram of Cui 2 Sb 4 Si 3 is constructed. 


Mixed-valent transition-metal (TM) compounds with 
a fractional number of electrons per TM site often 
exhibit a metal-insulator transition (MIT) associated 
with charge ordering. The insulating ground state is ei¬ 
ther nonmagnetic or magnetically ordered depending on 
the compound. Typical compounds with nonmagnetic 
ground states include Magneli phase T4O7 with Ti 3,5+ 
( 3 d 0,5 ), 1 ) oxide spinel AIV2O4 with V 2,5+ ( 3 d 2,5 ), 2 ) and 
thiospinel CuIr2S4 with Ir 3,5+ ( 5 d 5,5 ). 3 ) For instance, 
CuIr2S4 experiences an MIT at 230 K associated with 
the charge ordering of the mixed-valent Ir ion. The for¬ 
mation of isomorphic octamers of Irg + S24 and Irg + S24 
with the dimerization of Ir 4+ ( 5 d 5 , S = 1/2) pairs re¬ 
sults in a spin-singlet ground state. 3,4 ) On the other 
hand, vanadium bronze ( 3 -Nao .33V2O5 with (1/6)V 4+ 
+ ( 5 / 6 )V 5+ ( 3 d 1 / 6 ), 5 ) chromium hollandite K 2 Cr 8 0 i 6 
with Cr 3,75+ ( 3 d 2,25 ), 6 ) and magnetite Fe304 with Fe 2,5+ 
( 3 d 5,5 ) for a B sublattice 7,8 ) exhibit magnetically ordered 
ground states. Interestingly, superconductivity appears 
in / d-Na 0 .33V2O 5 5 ) and CuIr2S4 9,10 ) when charge order¬ 
ing is suppressed by applying hydrostatic pressure and 
chemical doping, respectively. 

The mineral tetrahedrite Cui2Sb4Si3 is another ex¬ 
ample of a mixed-valent TM compound and has been 
attracting considerable interest because of its enhanced 
thermoelectric properties. 11-15 ) Apart from its thermo¬ 
electricity, Cui 2 Sb 4 Si 3 exhibits intriguing physical prop¬ 
erties such as an MIT and a simultaneous sudden de¬ 
crease in the magnetic susceptibility x 85 K, 11,16 ) 
which is reminiscent of thiospinel CuIr2S4. 9,10 ) How¬ 
ever, understanding this transition is not intuitive be¬ 


cause of the small fraction of magnetic Cu 2+ ( 3 d 9 , S = 
1/2) in Cu2 + Cu/oSb 3+ S^ with respect to the formal 
valence. Tetrahedrite Cui2Sb4Si3 crystallizes in a body- 
centered cubic structure with the space group / 43 m (No. 
217 ). 17,18 ) The structure consists of Cu(l)S4 tetrahedra 
and Cu( 2)S3 planar triangles, where Cu(l) and Cu(2) 
occupy crystallographic 12d and 12e sites, respectively. 
The edge-sharing Cu(l)S4 tetrahedra form a cage struc¬ 
ture of truncated octahedra of CU24, while Cu(2)S3 tri¬ 
angles in the Cu(l) cage form Cu6 octahedra, as shown 
in Fig. 1. Cu(l) is either divalent (Cu 2+ , 3 d 9 ) or mono¬ 
valent (Cu + , 3 d 10 ), while Cu(2) is monovalent according 
to coordination chemistry. 19 ) This odd fractional number 
of electrons per Cu(l) site, i.e., (l/ 3 )Cu 2+ + ( 2 / 3 )Cu + 
( 3 d 10 - 1 / 3 ), raises the question of whether charge order¬ 
ing and magnetic ordering are involved in the MIT of 
Cui 2 Sb 4 Si3. 



Fig. 1 . (Color online) Crystal structure of tetrahedrite 
Cui 2 Sb 4 Si 3 : (a) Cu(l) and (b) Cu(2) substructures. A Cu(2) 
tetrahedron at the body-centered site is shown in (b). Cu(2) 
tetrahedra at the corners are not shown for clarity. 
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In this paper, we report on the 63 Cu-NMR of the MIT 
of tetrahedrite Cui 2 Sb 4 Si 3 at ambient pressure and the 
effects of pressure on the MIT via resistivity p and x mea¬ 
surements. 63 Cu-NMR spectra revealed that the ground 
state at ambient pressure is nonmagnetic; this suggests 
the formation of a spin singlet state at the MIT of 85 K. 
Furthermore, we observed that the MIT is suppressed by 
the application of hydrostatic pressure; the nonmagnetic 
insulating ground state switches with a metallic ground 
state at ^ 1.0 GPa. Above 1.26 GPa, we discovered an¬ 
other anomaly that is characterized by a peak in the 
electrical resistivity p. This peak temperature monoton- 
ically increases from ~ 85 to 170 K at a pressure of up 
to 4 GPa. No superconductivity was observed down to 
0.1 K in this metallic phase at high pressures. 

Polycrystalline samples of Cui 2 Sb 4 Si 3 were synthe¬ 
sized through the heating of a mixture of CuS, CU 2 S, 
and Sb 2 S 3 powders. Stoichiometric amounts of the pow¬ 
ders were mixed, pulverized, and sealed in an evacuated 
quartz tube. The ampules were heated to 900 °C at a 
rate of 100 °C/h and then cooled to 600 °C at a rate of 2 
°C/h followed by furnace cooling. The resulting samples 
were dark gray with metallic luster. They were character¬ 
ized by powder X-ray diffraction analysis with a Rigaku 
RINT-TTR III X-ray diffractometer using Cu K a radia¬ 
tion and identified to be Cui 2 Sb 4 Si 3 with a small amount 
of CuSbS 2 . 

Electrical resistivity was measured with a standard 
four-probe method. The magnetic susceptibility was 
measured with a superconducting quantum interference 
device magnetometer (MPMS; Quantum Design) under 
a constant magnetic field /io# = 1 T. An indenter- 
type pressure cell and Daphne 7474 as the pressure- 
transmitting medium were utilized to measure the resis¬ 
tivity at high pressures. 20,21 ^ A 3 He- 4 He dilution refrig¬ 
erator was used in the resistivity measurement down to 
0.1 K. A piston-cylinder-type pressure cell and Daphne 
7373 were utilized for the magnetic susceptibility mea¬ 
surement at high pressures. The applied pressure was 
estimated from the T c of the lead manometer. 22,23 ) 

A conventional spin-echo technique was utilized for the 
subsequent NMR/nuclear quadrupole resonance (NQR) 
measurement. We used silver as the NMR coil to avoid 
background signals from a Cu coil. The nuclear spin / 
and the nuclear gyromagnetic ratio 7 of 63 Cu are 3/2 
and 11.285 MHz/T, respectively. When I > 1, the nu¬ 
cleus has an electric quadrupole moment Q as well as 
a magnetic dipole moment; thus, the degeneracy of the 
nuclear-energy levels is lifted by both Zeeman and elec¬ 
tric quadrupole interactions. The Hamiltonian can be de¬ 
scribed as 

H = Hz + Hq 

= - 7 fi(l + K)I • H 





Fig. 2. (Color online) Field-swept 63 Cu NMR spectra at differ¬ 
ent temperatures in Cui 2 Sb 4 Si 3 - Simulations are shown with NMR 
spectra at 120 K. The obtained quadrupolar parameters v zz were 
~ 0 and 18.6 MHz. 


+ 7 ’ (1) 

where Hz and Hq are the Zeeman and electric 
quadrupole Hamiltonians, K is the Knight shift, H is 
the external field, v zz ( oc V zz ) is the quadrupole fre¬ 
quency along the principal axis of the electric field gradi¬ 
ent (EFG), and rj(= \V XX — V yy \/V zz ) is the asymmetric 
parameter of the EFG. Here, Vij = d 2 V/dxidxj ( V is 
the electrostatic potential; Xi , Xj = x,y,z) is the EFG 
tensor. 

With regard to the results, we first focus on the phys¬ 
ical properties at ambient pressure. Figure 2 shows the 
temperature dependence of field-swept 63 Cu-NMR spec¬ 
tra. Three clear peaks were observed above the MIT tem¬ 
perature Tmi of 85 K. These peaks were due to the su¬ 
perposition of two NMR spectra arising from the 63 Cu(l) 
and 63 Cu( 2 ) sites: We can fit the spectra by two central 
transition lines (I z = 1/2 0 — 1 / 2 ) to the 63 Cu (/ = 
3/2). The NMR spectra were perturbed by the two dif¬ 
ferent quadrupolar parameters v zz of ~ 0 and 18.6 MHz. 
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Fig. 3. Frequency-swept 63 Cu NQR spectra at 90 K for 
Cui 2 Sb 4 Si 3 . 


This was also confirmed in the NQR measurement as 
shown in Fig. 3. We could not observe any satellite tran¬ 
sition lines {I z = ±3/2 ±1/2) probably owing to the 

large distribution of EFG. Thus, we did not determine 
rj. The ratio of the signal intensity of two simulated cen¬ 
tral transition lines is almost 1 : 1 , which corresponds to 
that of Cu(l) and Cu( 2 ) site abundances expected from 
the crystal structure. We considered which Cu site corre¬ 
sponds to each quadrupolar parameter. Because Cu(l) is 
located at the center of a nearly regular tetrahedron, as 
shown in Fig. 1(a), v zz should be relatively small. Then, 
v zz 0 MHz should correspond to the Cu(l) site. On 
the other hand, Cu( 2 ) is located on the planar triangle 
of S. Therefore, the v zz of the Cu( 2 ) site should be large, 
corresponding to 18.6 MHz. CuS (covellite) consists of 
CuS 4 tetrahedra and CUS 3 planar triangles, and similar 
63 Cu-NMR spectra were reported. 24 ) 

The 63 Cu-NMR measurement at ambient pressure re¬ 
vealed that the ground state below Tmi is not a magnetic 
insulator but a nonmagnetic one. The temperature de¬ 
pendence of the Knight shift K , which reflects the local 
susceptibility at the nuclear site, was determined from 
the peak field of the NMR spectra with v zz ^ 0 MHz 
and is shown in Fig. 4. The temperature dependence of 
X is also plotted and found to be consistent with previous 
reports. 11,16 ) Since a low-temperature upturn is not ob¬ 
served in the Knight shift, it would come from impurity 
spins. K was well proportional to x above 40 K, although 
the applied magnetic field differed between K and %. The 
inset of Fig. 4 plots K against y, which gives an esti¬ 
mation of the hyperfine coupling constant = — 0.41 
T//i b . This value doubles when we assume that two Cu 2+ 
spins/f.u., whose number is expected from charge neu¬ 
trality, contribute to magnetic properties. The negative 
hyperfine coupling constant can be explained by a dipole 
effect. K rapidly increased below Tmi, which indicates 



Fig. 4. Temperature dependences of Knight shift K at Cu(l) 
site at 10 T and of x at 1 T for Cui 2 Sb 4 Si 3 . The inset shows the 
K~x plot above 40 K. The solid line portrays the fitting line. 


that the spin susceptibility decreased. More importantly, 
the shape of the 63 Cu-NMR spectra with v zz ~ 0 MHz 
remained almost unchanged across Tmi, which indicates 
that an internal field does not exist at the Cu(l) site 
below Tmi- Note that the powder patterns of the NMR 
spectra should exhibit a drastic change in their shape 
when magnetic ordering occurs: it is well known that 
the spectral shape becomes nearly rectangular in a com¬ 
mensurate antiferromagnetic (AFM) state, and that the 
linewidth broadens in the incommensurate AFM state. 
Our 63 Cu-NMR results demonstrate that there was no 
AFM order and that the Cu(l) site became nonmagnetic 
below Tmi in Cui 2 Sb 4 Si 3 . The signal intensity of 63 Cu- 
NMR spectra with v zz ^ 0 MHz also does not change 
markedlly across Tmi, indicating that a signal from both 
Cu + and Cu 2+ is observed even below Tmi- In addition, 
NMR spectra with v zz = 18.6 MHz became broader and 
smeared out below Tmi, which indicates that the EFG 
distribution at the Cu(2) site became larger. The NQR 
spectra also smeared out below Tmi- 

Next, we present the pressure dependence of the MIT. 
The nonmagnetic insulating ground state became metal¬ 
lic above ~1 GPa. Figures 5(a) and 5(b) show the tem¬ 
perature dependence of p under different pressures. The 
MIT was observed at 85 K and ambient pressure. Tmi 
monotonically decreased with increasing pressure from 
85 K at ambient pressure to 65 K at 0.90 GPa. Simi¬ 
lar results are obtained by the magnetic susceptibility 
measurement as shown in Fig. 6 . Above 1.26 GPa, the 
MIT was completely suppressed, and p exhibited a clear 
peak at approximately 100 K. Below the temperature of 
the peak p value, p monotonically decreases on cooling. 
We defined this peak as T pea k. T pea k increased with pres- 
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Fig. 5. (Color online) (a) Temperature dependences of p under 
different pressures, (b) Temperature dependences of p focused on 
low-p region in Cui2Sb4Si3. The solid and broken arrows indicate 
^peak and T*, respectively. 


sure up to 4.19 GPa. Similar results were reported by 
Umeo et al . 25 ) The residual resistivity po monotonically 
decreased with increasing pressure. There was no sign of 
superconductivity down to 2 K at all measurement pres¬ 
sures and down to 0.1 K at 1.26, 1.37, and 3.16 GPa. As 
shown in Fig. 5(b), an additional anomaly with hysteresis 
is observed at high temperatures. This anomaly temper¬ 
ature is defined as T*. A similar anomaly is observed at 
ambient pressure in a previous report. n ) T* increases 
with increasing pressure, x does not show any anomaly 
at T*, as shown in Fig. 6. The origins of T pea k and T* are 
unclear. We summarize the pressure-temperature phase 
diagram of Cui 2 Sb 4 Si 3 in Fig. 7. 

Here, we discuss possible mechanisms of the MIT with 
a nonmagnetic ground state in Cui 2 Sb 4 Si 3 . One possibil¬ 
ity is the charge order state at the Cu(l) site. According 
to the coordination chemistry, the Cu(l) site is a mixed 
valent where one-third of Cu is Cu 2+ (3d 9 , S = 1/2) and 
two-thirds is Cu + (3d 10 , S = 0). Because Cu 2+ has a S 
= 1/2 moment, a spin singlet state can be formed ow¬ 
ing to the dimerization of Cu 2+ ions, and a nonmagnetic 
insulating state results. This is reminiscent of CuIr 2 S 4 , 
where the formation of Ir octamers with the dimeriza¬ 
tion of Ir 4+ (5d 5 , S = 1/2) pairs results in a spin-singlet 
ground state. 3,4 ) In the case of Cui 2 Sb 4 Si 3 , one-third of 
Cu(l) with a cage structure, as shown in Fig. 1(a), is 
Cu 2+ . Realizing an appropriate charge ordering of Cu 2+ 
and Cu + with a ratio of 1:2 on the Cu(l) cage structure, 
so that the dimerization of adjacent Cu 2+ ions to form 



T{ K) 

Fig. 6. (Color online) Temperature dependences of x under dif¬ 
ferent pressures in Cui2Sb4Si3. 



Fig. 7. (Color online) P-T phase diagram of Cui2Sb4Si3. The 
diamonds and triangles represent metal-insulator transition tem¬ 
perature Tmi estimated from p and respectively. The circles and 
squares represent T pea k and T* estimated from p, respectively. The 
broken line is a visual guide. 


a spin singlet ground state is not straightforward. The 
significant broadening of the Cu(2) NMR spectra with 
v zz = 18.6 MHz may be related to the random dimer¬ 
ization of Cu(l) 2+ . The random dimerization does not 
induce any broadening of Cu(l) NMR spectra because 
of the negligible v zz at the Cu(l) site. 

In conclusion, we measured the temperature depen¬ 
dence of 63 Cu-NMR spectra at ambient pressure and of 
p and % at high pressures in tetrahedrite Cui 2 Sb 4 Si 3 in 
order to investigate the origin and pressure dependence 
of the MIT. The 63 Cu-NMR results indicated that the 
ground state at ambient pressure is a nonmagnetic insu¬ 
lating state. Tmi decreased with increasing pressure and 
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switched to T pea k above ~ 1.0 GPa. Cui 2 Sb 4 Si 3 shows a 
unique MIT that was characterized as a phase transition 
from a paramagnetic bad metal to a nonmagnetic insu¬ 
lator at Tmi- In addition, this nonmagnetic insulating 
ground state changed to a metallic state at a relatively 
low applied pressure. A novel type of charge ordering 
may be realized for Cui 2 Sb 4 Si 3 . 
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